Parasites rely on resources from a host and are selected to achieve an optimal combination of transmission and virulence. Human-induced changes in parasite ecology, such as intensive farming of hosts, might not only favour increased parasite abundances, but also alter the selection acting on parasites and lead to life-history evolution. The trade-off between transmission and virulence could be affected by intensive farming practices such as high host density and the use of antiparasitic drugs, which might lead to increased virulence in some host-parasite systems. To test this, we therefore infected Atlantic salmon (Salmo salar) smolts with salmon lice (Lepeophtheirus salmonis) sampled either from wild or farmed hosts in a laboratory experiment. We compared growth and skin damage (i.e. proxies for virulence) of hosts infected with either wild or farmed lice and found that, compared to lice sampled from wild hosts in unfarmed areas, those originating from farmed fish were more harmful; they inflicted more skin damage to their hosts and reduced relative host weight gain to a greater extent. We advocate that more evolutionary studies should be carried out using farmed animals as study species, given the current increase in intensive food production practices that might be compared to a global experiment in parasite evolution.
Introduction
Parasites (including pathogens) rely on resources drawn from a host to survive, grow and reproduce, and therefore, they reduce host fitness. This obligatory effect of parasites is termed virulence (Read, 1994) . A parasite that exploits the host at a higher rate will be able to invest more in current reproductive output, but will also likely cause increased virulence. Such a strategy can shorten the lifespan of both the host and the parasite and hence reduce future reproduction of the parasite (Anderson & May, 1982; Frank & Schmid-Hempel, 2008; Alizon & Michalakis, 2015; Kennedy et al., 2016) . We would therefore expect a trade-off between the fitness costs (reduced parasite survival) and benefits (increased current reproductive output) of virulence (Anderson & May, 1982; Frank & Schmid-Hempel, 2008; Alizon & Michalakis, 2015; Kennedy et al., 2016) . Empirical studies from a number of host-parasite systems have shown that intermediate levels of virulence are optimal, that is result in the highest fitness for the parasite (Jensen et al., 2006; Fraser et al., 2007; de Roode et al., 2008; Doumayrou et al., 2013) . Theory predicts that this optimal level of virulence can be modulated by ecological conditions such as increasing host density, shorter host lifespan or increased competition between different parasite genotypes (Ewald, 1995; Ebert & Bull, 2008; Alizon et al., 2009; Borovkov et al., 2013) . For example, the fitness cost for parasites overexploiting their host will be smaller when host density is increasing, because transmission stages will have a higher chance of finding new hosts (Ewald, 1995; Mennerat et al., 2010; Kennedy et al., 2016) . Furthermore, as parasite abundance tends to increase with host density (Arneberg et al., 1998) , we should expect higher rates of multiple infections and increased within-host competition. Higher levels of virulence are therefore expected to be selected for with increasing host densities (Alizon et al., 2009; Mennerat et al., 2010; Cressler et al., 2016; Kennedy et al., 2016) . Moreover, shorter parasite lifespan, due either to higher host mortality rates or lower parasite survival, is also expected to select for faster reproducing parasites and hence higher levels of virulence Mennerat et al., 2010; Kennedy et al., 2016) .
During the last decades, there has been an increasing concern that human practices, and in particular increasingly intensive farming and aquaculture, might affect the evolution of parasites and pathogens Leignel & Cabaret, 2001; Palumbi, 2001; Murray & Peeler, 2005; Nowak, 2007; Lebarbenchon et al., 2008; Lynch et al., 2008; Mennerat et al., 2010; Kurath & Winton, 2011) , and a handful of studies have explored this empirically (Pulkkinen et al., 2010; Sundberg et al., 2016) . Arguably, intensive farming could be considered as a natural, global experiment in parasite life-history evolution . Compared to natural host-parasite populations, intensive food production systems are characterized by high densities of hosts and shorter parasite life expectancies, due to the regular use of antiparasitic drugs combined with selection for fast-growing hosts that are regularly slaughtered (Nowak, 2007; Mennerat et al., 2010; Kennedy et al., 2016) .
Intensive salmon farming has expanded rapidly during the last decades. Among the many parasites and pathogens that may infect farmed salmon, the ectoparasitic salmon louse (Lepeophtheirus salmonis) is among those that represent the biggest challenge to the industry (Torrissen et al., 2013; Murray et al., 2016) . This marine, sexually reproducing copepod browses on the skin of salmonids, thereby causing skin damage and osmoregulatory stress, as well as increasing the risk of secondary infections (Pike & Wadsworth, 2000; Costello, 2006) . Salmon lice have a direct life cycle consisting of eight development stages separated by moulting (Hamre et al., 2013) , and development time is about 60 days, but is temperature dependent. Under natural conditions, salmon lice rely on migratory Atlantic salmon and small residential populations of sea trout (Salmo trutta). However, the introduction of salmon farms has significantly increased both the number and density of available susceptible hosts in coastal waters. Moreover, these hosts are present throughout the year. Previous studies indicate a virulence-transmission trade-off for salmon lice, with earlier reproduction being associated with higher fecundity and reduced host growth (Mennerat et al., 2012) . The potential for rapid response to selection in salmon lice has both been studied theoretically (McEwan et al., 2015) and exemplified by the appearance and rapid spread of drug resistance in those parasites (Besnier et al., 2014; Aaen et al., 2015) .
Salmon lice and their hosts therefore do not only represent an excellent study system in virulence evolution; due to their huge economic and environmental impact, understanding how farming practices might alter their evolutionary optimal level of virulence is also highly relevant. To investigate this, we compared virulence levels of salmon lice from either farmed or unfarmed areas, using replicate infections of salmon hosts maintained individually in laboratory conditions. As proxies for virulence, we used two different measures -degree of skin damage and host growth rate.
Materials and methods

Experimental set-up
Salmon lice were collected from four locations: two samples from farmed hosts originating from Frøya ('F'), Norway, and Bergen ('B'), Norway, and two samples from wild hosts originating from unfarmed areas, namely the Angus coast in Scotland ('S'), and from Oslofjorden in Norway ('O'). The locations where we collected lice from wild hosts are located upstream from farms, and at the time of sampling, no salmon farms existed within a radius of at least 200 km. At each location, egg strings were collected from 38-50 female lice from at least 15 hosts, hatched in the laboratory and pooled together. Prior to the experiment, lice from all four origins were reared for at least three generations in the laboratory on naive Atlantic salmon (Industry laboratory, Bergen, Norway). To test for differences in virulence, we performed 15 replicate infections for each of the four origins, using a total of 60 Atlantic salmon smolts originating from the same cohort (Industry laboratory, Bergen, Norway; weight: 80-175 g; length: 20-26.5 cm). For these comparisons, the fish were individually kept in tanks with constant flow of UV-treated and filtered normal seawater (flow rate 2-6 L min À1 ; temperature 7.6-8.6°C; salinity 35 ppm; and 12-h daylight) and fed 500 mg of 3-mm commercial pellets twice a day. Each room had a capacity of 30 individual tanks; comparison one (O and B, Room 1) was conducted in one room, whereas comparison two (S and F, Room 2) was conducted in another.
The initial experimental design consisted of 15 fish (i.e. replicate infections) per lice origin; however, one fish infected with O lice died prior to the infection; in addition, two fish infected with the S lice and two fish infected with the B lice did not have any adult female lice and were therefore excluded from the statistical analysis. The final sample was therefore S (n = 13), F (n = 15), O (n = 14) and B (n = 13).
Infection
Prior to the infection, all fish were anesthetized with MS-222 (75 mg L À1 ) and their initial weight and length were recorded. Later the same day, each fish was submitted to the same infection procedure, as described in Mennerat et al. (2012) : water level was lowered, water flow stopped, and oxygen provided directly into the tank for 1 h, during which each fish was exposed to infectious salmon lice copepodites (4 copepodites L
À1
, i.e. 40 copepodites in 10 L of water in Room 1 and 80 copepodites per fish in 20 L of water in Room 2).
Data collection
From day 40 until day 130 post-infection, the number of gravid and nongravid female lice on each host was recorded daily by visually inspecting the fish in their tanks. When all lice on a fish had produced a pair of egg strings (i.e. a clutch), the fish was anesthetized with MS-222 (75 mg L À1 ) and all lice were gently removed from the host. The number of male and female lice and the total fish length and weight were recorded. Fish were then covered in a transparent plastic film (Toppitsâ), and the area of skin damage caused by lice was drawn onto the plastic film using a permanent marker. These drawings were later scanned, and the area(s) with skin damage was measured in mm 2 using ImageJ. v. 1.43 for Windows (http://rsweb.nih.gov/ij). Lice were later the same day returned to their original host. This procedure was followed until all lice had completed their fifth clutch (130 days post-infection), after which the fish were euthanized one by one with an overdose of MS-222 (200 mg L À1 ).
Statistical analysis
We compared three different variables between farmed and wild salmon lice: the area of skin damage caused by the parasites and relative weight and length gain of their salmon hosts. For skin damage, we used a linear mixed-effects model (lme) with status (wild vs. farmed), number of female lice on the fish and days post-infection (i.e. time) as explanatory variables. Lice were clustered among individual hosts that were spread in two different laboratory rooms. The model therefore also included tank (i.e. host) nested within room as random effects. First-order autocorrelation was used to account for repeated measurements. This significantly improved the model and was therefore kept in the final model. For relative weight and length gain, we also used linear mixed-effects models (lme) with status (wild vs. farmed), number of female lice on the fish and days post-infection (i.e. time) as explanatory variables. The hosts were in two different laboratory rooms, so the models had room as random effect. All models were validated by visually inspecting that residuals were normally distributed, and the data for skin damage were square-root-transformed to fit this expectation (uploaded as supplementary material). All analyses were performed using the nlme package in the statistical program environment R 3.2.2 (http://r-project.org).
Results
This study involved a total number of 204 adult female lice infecting 55 salmon hosts. Both length and weight of the hosts increased with time (days PI), but skin damage was more variable (Tables 1 and 2 ). This was probably caused by the combined effects of browsing of the lice and continuous healing of the host skin. Furthermore, relative length and weight gain of the host and the area of skin damage were significantly affected by the number of female lice on the fish (P < 0.02, Tables 1 and 2). Lice from farmed areas inflicted larger skin damage to their host than lice from unfarmed areas (P = 0.0001, Tables 1 and 2A, Fig. 1 ) and reduced relative host weight gain more than those from unfarmed areas (P = 0.03 Fig. 2, Tables 1 and 2B ). Relative host length gain did not significantly differ according to lice status (wild vs farmed), although it tended to be reduced in hosts carrying lice from farmed areas (Fig. 3, Tables 1 and 2C ).
Discussion
In this study, we found that, compared to lice sampled from unfarmed areas, those collected from farmed 
areas both inflicted larger skin damage and caused a greater reduction in the relative weight gain of their hosts.
Two different proxies for virulence were used in this study, namely the effects of lice on skin damage and those on host growth (weight and length). Wounds caused by salmon lice do not only open the skin barrier and create osmotic imbalance, but the associated bleeding may also lead to reduced haematocrit (Grimnes & Jakobsen, 1996) and hence might impair aerobic capacity and locomotion. In addition, the immune response Fish residual weight gain (±SE) Fig. 2 Relative fish residual weight gain (AESE) from start of the experiment to the fifth egg string corrected for number of female lice depending on lice status (wild vs. farmed).
is down-regulated in the skin of infected Atlantic salmon, either due to increased stress (e.g. cortisol) levels or to direct effects of lice on gene expression (Krasnov et al., 2012) . Skin damage caused by salmon lice can therefore reduce the fitness of their hosts in several ways, for example via an increased risk of secondary infections or by reducing the amount of energy available for growth, foraging and escaping predators. Juvenile growth in salmon is positively correlated with adult (post-smolt) survival and recruitment (Friedland et al., 2000 (Friedland et al., , 2005 Peyronnet et al., 2007) . Our combined measures of skin damage and body growth therefore appear as appropriate proxies for virulence in this host-parasite system (Mennerat et al., 2012) . Moreover, these measures should be highly relevant to the aquaculture industry, given the substantial costs of subclinical effects of salmon lice on host growth, including in locations where lice abundances seem to be under control.
In our study, all lice were reared in the laboratory under the same conditions for at least three generations prior to the experiment. It thus appears unlikely that the differences observed here between lice from farmed and unfarmed areas are due to environmental differences at the sites of origin. Variation that might be due to different infestation intensities and different laboratory rooms was controlled for in our analyses. In addition, the fish hosts used here were from the same cohort, so differences in virulence between groups should reflect differences in the lice more than in the hosts. Taken together, our results therefore suggest that there is an intrinsic (i.e. genetically based) difference between farmed and wild lice in the propensity to cause skin damage and reduce growth. Assuming that lice sampled from areas without any salmon farming are closer to ancestral 'wild' lice than those sampled from farmed areas, our results suggest that increased virulence of salmon lice may have arisen as a result of altered selection related to farming conditions. Although our results remain correlative and are based on lice collected at only four marine sites (two with farms and two without farms), they are intriguing and call for more experimental research and broader sampling of both hosts and parasites associated with fish farms.
We found a reduction in relative fish weight gain, but not in relative fish length gain, which suggests that farmed lice reduced host body condition more than wild lice. Moreover, our experiment was carried out in UV-treated seawater, which protected hosts with skin damage from secondary infections. In natural conditions, co-infections are common (Kotob et al., 2016) , especially in farms where hosts might also be affected by other waterborne diseases (e.g. infectious salmon anaemia ISA, salmon pancreas disease SPD, vibriosis). The significantly larger skin damage caused by lice from farmed areas is therefore likely to affect host growth more than our laboratory results show.
Under natural conditions, salmon lice rely on relatively small populations of migratory Atlantic salmon and residential populations of sea trout, with additional variation in host density with season. The low number of available hosts, as well as variation in host number and density over time, might restrain selection for high virulence in parasites. Intensive salmon farming has not only increased the number and density of hosts, but has also resulted in a continuous presence of hosts in coastal waters throughout the production cycle (around 18 months). In addition, farmed salmon probably have shorter lifespan than wild fish due to regular slaughtering; this could also reduce the expected lifespan of the parasites and thereby select for higher virulence.
Our findings are consistent with evidence from previous studies indicating changes in parasite virulence related to fish farming. The fish bacterial pathogen Flavobacterium columnare affecting salmonids seems to have caused increased host mortality in the last decades, and environmental monitoring shows that the switches from low-virulence to high-virulence strains are happening within farming tanks (Pulkkinen et al., 2010; Sundberg et al., 2016) . The infectious salmon anaemia virus has increased in virulence, and the conditions within salmon farms were proposed as a possible explanation (Nylund et al., 2003; Murray & Peeler, 2005) . The same trend seems to emerge in other types of animal farms; for example, it was suggested that higher virulence of Marek's disease virus infecting poultry may be due to farming practices such as vaccination and selection for shorter host lifespan (Atkins et al., 2012) .
All in all, it seems that the well-acknowledged increase in salmon abundance may not be the only aspect that should raise concern when discussing salmon farming practices (Tully & Whelan, 1993; Morton et al., 2004; Krko sek et al., 2005; Torrissen et al., 2013) . Evolutionary theory predicts that the conditions typical of intensive farming may select for life histories resulting in higher transmission rates and, in case of a transmission-virulence trade-off, also higher virulence. As the repeated appearance of drug resistance clearly demonstrates, parasites of farmed animals can respond quickly to selective changes. Our comparison of two areas with farms against two areas without farms suggests that virulence levels already might have changed in salmon lice. Comparisons based on samples from a wider area, as well as experimental tests, should now be conducted to better assess how general our findings are. The underlying life-history changes are currently under study, but a bigger research effort is now urgently needed to better understand the selective effects of intensive farming on parasites and pathogens. Agri-and aquaculture are likely to become more and more intensive worldwide as a result of a fast-growing human population, and their sustainability cannot be achieved without a better knowledge of how parasite life histories are likely to respond to such humanaltered selection.
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